The nanodiamonds (NDs) were produced on glass substrates by plasma-enhanced chemical vapor deposition (PECVD) method. Acetylene (C 2 H 2 ) diluted in H 2 were used as the reaction gasses as source of carbon and diluting gasses, respectively. The NDs have structures with high quality and density obtained by the selective Ni catalyst. The synthesized NDs have cubic structures with an average diameter of about 300 nm. This research focuses on the evolution of nickel catalyst under hydrogen/acetylene gasses at 320°C. The presence of the ND structure was confirmed by Raman spectroscopy, X-ray diffraction, and scanning electron microscopy analyses. It was found that the selective catalyst played an important role in producing ND structures by PECVD method on glass substrate in this research.
Background
The revolutionary discovery of nanodiamonds (NDs) in 1980s led to intense research activities and efforts in the domain of carbon science and nanostructures [1, 2] . The fascinating properties of these unique materials have opened a great number of potential applications [3] [4] [5] of these nanostructures. Despite these stunning technical progresses, there is still much struggle in the development of a synthesis method suitable for experimental and commercial applications [6] [7] [8] .
A leading candidate is the chemical vapor deposition (CVD) technique. CVD methods [9] are widely utilized techniques to fabricate nanostructures such as the ND structures in large quantities, and much progress has been made on the yield, the synthesis costs, or the purity of the products. CVD diamond growth includes steps of nucleation and formation of a continuous nanostructure, and surface morphology is closely related to these stages [6] [7] [8] .
Nucleation and growth of NDs are induced by the decomposition of carbon-containing gasses (C 2 H 2 , CH 4 , etc.) over a Ni catalyst at experimental conditions. A key reaction step for ND growth seems to be the diffusion of carbon through the Ni catalyst, and their catalytic action depends on the type of precursors, the type of substrate, and the reaction gasses used.
In the synthesis of cubic NDs, each carbon atom is coordinated tetrahedrally by four others, and the resulting structure is a cubic structure. This nanostructure is a consequence of the sp 3 hybridization of the bonding orbital. In fact, diamond is the hardest material known and is a wide-gap semiconductor [4, [9] [10] [11] [12] [13] .
One of the major issues in the growth of high-quality diamond by CVD is the choice of a suitable substrate. Many substrates can be used for the growth of diamond, such as Si, Mo, W, Ti, and Nb. Si is the most commonly used substrate in many researches. For example, the Fujishima group utilized Si wafers as the substrate in their research, which is needed for the efficient growth of diamond [14] . Single-crystal growth of diamond is being carried out by a growing number of research groups [15] , in which diamond was used as the substrate material, but in this research, the synthesis of diamond was carried out using glass-coated Ni nanoparticle catalyst as the desired substrate. Most recently, the Carnegie groups reported high-quality synthetic single-crystal diamond in desired research [16] . The single-crystal CVD diamonds have been used by Element Six and Sumitomo in electronics applications and by Apollo Diamond as gems [17] [18] [19] [20] . High growth rate of diamond fabricated by low-pressure microwave plasma CVD is the most promising technology for fabricating low-cost and high-quality large diamond [21] .
The feasibility of the plasma-enhanced chemical vapor deposition (PECVD) system to synthesize NDs using the Ni nanoparticle catalyst has been investigated with acetylene diluted in hydrogen. The NDs show cubic structures and result from the etching of carbon network on the selective catalyst and continuous precipitation on the glass substrate. In order to elucidate the nature of the Ni catalyst, the synthesis uses an atomic force microscopy (AFM) system, and the samples quenched after different pyrolysis times were investigated by X-ray diffraction (XRD), Raman spectroscopy, and scanning electron microscopy (SEM) which have been intensively employed for characterizing CVD diamond.
Results and discussion Figure 1 shows the ND with body-centered cubic structure. The process of synthesis of NDs by PECVD method involves Ni catalyst deposition and growth of ND structures in specific conditions. Transition Ni nanoparticles are applied as catalyst for ND growth. Here, this metal was deposited on the glass substrate by a physical technique such as sputtering by PECVD method. Proper sputtering technique of the substrates was very important for the successful synthesis of NDs in our research. Ni with the capability of decomposing the hydrocarbon of C 2 H 2 and ND formation is employed as the catalyst in the PECVD process. However, it has been found that only the C 2 H 2 molecules are accounted for the decomposing ability of Ni, but not for ND formation. It was possible to render the substrate surfaces covered with grains of Ni catalyst of a certain size. The morphology of the Ni nanoparticle catalyst utilized in the synthesis of NDs is studied by the AFM technique. Figure 2 shows a typical AFM image of the Ni nanoparticles deposited on the glass substrate. The deposited Ni catalyst is densely packed and of uniform diameter over the glass substrate. The Ni grain morphologies determine the quality of NDs grown on the substrate surface. Single-crystalline diamonds seem to be structured by the aggregation of nanoparticles.
The morphology of the structures was characterized by SEM technique. The SEM micrographs in Figure 3 show the cubic morphology of the single-crystal diamond, which grew on the deposited Ni nanoparticles on the glass substrate by PECVD method. In this figure, the SEM images show the ND structures synthesized with a high density and uniform diameter around 300 nm on the substrate surface. It is noticeable that Ni nanoparticles on the surface play an important role in the formation of nucleation sites; the density and distribution of Ni nanoparticles affect the synthesis and the type of NDs. In fact, Ni nanoparticles served as the well-defined nucleation sites to allow the growth of aligned NDs by PECVD system directly on the substrate surface, and the decomposition of the hydrocarbon of C 2 H 2 and H 2 gasses is more sufficient that it led to less deposition of amorphous carbon. The Ni nanoparticles can act typically as catalyst under specific conditions for ND nucleation resulting in growth. The diffraction of carbon through the Ni metal particle is indicated by an increase of the metal cell parameters identified. Raman spectroscopy is the most extensive and useful tool utilized to characterize CVD diamond to distinguish between different allotropes of carbon structures [22] . Figure 4 shows the Raman spectra of the ND structures grown using Ni catalyst on the glass substrate. In Figure 3 Scanning electron micrograph of nanodiamond synthesized using Ni catalyst on glass substrate. XRD is a technique as powerful as Raman spectroscopy which provides a fingerprint of the presence of diamond phase. In addition to Raman spectroscopy, XRD can be utilized to confirm that diamond synthesis has been achieved by the Ni catalyst. Figure 5 demonstrates the single shape for cubic diamond. In many studies, it can be seen that the (111) plane is faster in a cubic structure for diamond, while the (100) plane is the fastest one in an octahedral structure of diamond [23] . The ND structures synthesized on glass substrate as-coated with Ni catalyst were determined by X-ray diffraction. Figure 5 illustrates the XRD spectra of the deposited ND structures produced at 320°C temperature and using the selective catalyst. The diffraction peaks show the presence of carbon material. From XRD spectra of the sample, one peak at around 43.70°C was ascribed to the (111) plane of the cubic diamond structures.
Conclusion
In summary, NDs were successfully synthesized with Ni catalyst by PECVD method on the glass substrate. In this research, the effect of the Ni catalyst and substrate on ND synthesis was investigated. It was found that the reaction of the catalyst has significant effect on the growth of NDs. Ni plays a crucial role in the PECVD synthesis of NDs, and therefore, improving the desired characteristics of catalyst will enhance the obtained ND quality as well as the process yield. The SEM images show that NDs can be grown using Ni as the selective catalyst with high density and surface morphology of the structures. The type of diamond synthesized in this research has cubic structures. From the Raman and XRD analyses of the NDs, it was proved that the Ni catalyst affected the quality and purity of the ND growth. The results were more promising than the experiments with Ni catalyst.
Methods
This process deals with many fundamental aspects of CVD, such as gas phase chemistry, complex heat and nucleation, surface chemistry, and diffusion as shown in Figure 6 , that were utilized for all experiments in this field. Synthesis of NDs has been carried out by PECVD technique. Figure 7 describes a direct current (DC)-PECVD apparatus consisting of an electrode and a substrate with a heater. The electrode and substrate holder placed on the heater are made of Cu, while the substrate on the holder is made of glass. The substrate is set underneath the electrode. The Ni nanoparticle catalyst is deposited with the DC-PECVD system, and the sputtering of Ni nanoparticles is controlled by deposition time (120 min). The system is operated at a DC power of P DC = 600 W. The etching step utilized only acetylene gas, and at the growth step, the gas mixture of acetylene 2 ) is filled during the discharge, where the flow of gas mixture ratio is expressed by P C2H2 /P H2 = 30% . The glass substrate is heated up to a temperature T = 320°C, which is measured by a thermocouple directly connected to the copper substrate holder. After which, the gas mixture of C 2 H 2 and H 2 is fed and then the total pressure is kept at 15 Torr. The investigated desired optimum condition growth to control ND structures is shown in Table 1 . Three most fundamental techniques, Raman spectroscopy, XRD, and SEM, are most intensively used to identify diamond structures. AFM is utilized for the morphological and structural investigation of NDs.
